


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1982 


An investigation into the phenomenon of 
localized corrosion in various austenitic, 
ferritic, duplex, and cast stainless steels 


Dively, Rogest William. 


Massachusetts Institute of Technology 


http://ndl.handle.net/10945/20226 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 












7) war w — irr. ' 
a ' Li i 
— 5 i talk = a 
Y >» om Oh Me 
yh 1 a. \ 
| =- . = i ' 
i as)! eet i) ow. a | | _ 
- t “yee ii 
= hae = > a! - \ 
A oe = i 7 
titan Jt = tt _= | i - 
7F — | 
= a: oe a - 
i a? = = ‘ ‘- 
Je oy att ; ir! : 
Al -_ =i =. ' ‘7i 4 — — = 
| = af ve om Th ‘ - 
ad i} — = 
iT = AL as i 
7 ri Sa = 1 1= 
ay ar! = it = oe = 
| n 
oe tu - 
. - - i; 
ae 
= ‘| 
af yy ii ‘ 
if -_- - - = 
= - , = ‘ 
a - 
' r y = 7 e 
| ’ ! 
1% ‘ 
' ra i} 
+t i y i : - 
; et oe ; 
a ; | ' 
- 1 
im ae! a“ a 
] 
: i = < 
| 
' it | 
G 
1 ; 
u Te 
i 1. Yr 
Ay 
| 
sf 
i) = 
av 
a7 
‘ 
] 
ih i) 
77 
) ] 
AS 
yo 
-?2 
if 
ra 
if 
: - : 
' 
* 
tL 1 . 
a, 1} 
!) 
i 
. i ® 
tt _ 1 
7 i 
Le i 
1 re 
if — 
iF 
8 i} 
1 Pa 1% - a) - 
' ve i” 
iy 7 ; 
sear 
J ' _ | ie 
' 
ty tf 7) 
i | 
' hi ’ ft i 
ine af yore ’ 
| 7 i — 
A i 1f ' | a) y i = 
wane a 4 
aren wuee 
i} i} | = 
eo = 
iV ; ae - 
yaar iy ii = 
ft - Le . ' 
p 7) - 4% i 
yy — yy { “a ‘ | 
7 - . pure - 
7 Artal) Pj Ses ; = Al “ - 
7 af | - 
A var iv = + \ =i ! = 
<5 " af 1, ~~ 1 Tt i= = 
A { i ‘4 PAP" ' = . 
re i| ee _ : = 
‘ei . - 7a - -_ — 
i 7 i i wd } 4 ib « os 
’ 77 a} > i) - ( My i _ 


DUDLEY KNOX LISRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIF. 93940 














AN INVESTIGATION INTO THE PHENOMENON OF 
LOCALIZED CORROSION IN VARIOUS 
AUSTENITIC, FERRITIC, DUPLEX AND CAST 
STAINLESS STEELS 


by 


Rogest William Dively, II 
(Bao. Uiivwemsity OF Miami, 1971) 


and 


John Robert McNamee, Jr. 
(B.S. U.S. Naval Academy, 1970) 


Submitted Jointly in Partial Fulfillment 
of the Requirements of the Degrees of 


OCEAN ENGINEER 
and 
MASTER OF SCIENCE IN 
MATERIALS SCIENCE AND ENGINEERING 


at the 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
June 1982 


C) Massachusetts Institute of Technology 





Ros tT, CU 17 AREY te a 
i LEY iy L DF: RY 


NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIF, $3949 


AN INVESTIGATION 
INTO THE PHENOMENON OF LOCALIZED CORROSION 
IN VARIOUS AUSTENITIC, FERRITIC, DUPLEX, AND CAST 
STAINLESS STEELS 
by 
ROGEST WILLIAM DIVELY,II 
and 
JOHN ROBERT McNAMEE,JR. 


Submitted jointly to the Department of Ocean Engineering 
HeMayet se t962 Im partial fulfillment 
of the requirements for the Degrees of Ocean 
Engineer and Master of Science in Materials Science 
and Engineering 


ABSTRACT 


Thirty-six wrought and nine cast alloys were defined by 
the United States Navy as possible replacements of Type 316 
Stainless steel. Forty-three of these same alloys were 
included in an experimental program undertaken in an attempt 
to: (1) evaluate the relative resisitance to localized 
EOETOSTON in chloride-containing environments, and (2) 
develop an understanding of the mechanism involved in the 
breakdown of passive behavior. Techniques used in this study 
included Geilscmmanocies polarization, application of a 
constant potential in the presence of an intentionally 
applied crevice, and Auger Electron Spectroscopy. 


Results from this investigation indicate that the use of 
the Slow scan rate cyclic anodic polarization method 
developed in this study can be used confidently to predict 
the relative Susceptibility £6 localized corrosion, 
especially when complemented by other techniques. 


Of all the alloying elements considered, molybdenum was 
the most effective in increasing localized corrosion 
resistance. Austenitic alloys with greater than 5% Mo, and 
ferritic alloys with greater than 25% Cr and 3% Mo showed no 
tendency to corrode locally. Evidence suggests that a 
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minimum of 0.4% Nitrogen is also an important factor for 
increased localized corrosion resistance. 


Compositional profile analysis at the active corrosion 
Site shows an enrichment of chromium in the passive layer. 
The role of molybdenum in improved resistance to localized 
corrosion is in the form of the molybdate lion serving to 
protect the exposed metal surface and/or block the entrance 
of a mobile charge carrier (chloride ion). The presence of 
Sulfur at the active site supports the theory of localized 
corrosion initiation at the site of sulfide inclusions. 


Thesis Supervisor: R. M. Latanision 
Title: Professor of Materials Science 
and Engineering 
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iad INTRODUCTION 


Stainless steels are normally iron-based alloys contain- 
ing 10.5% or more chromium. These metals have been used for 
many industrial, architectural, chemical, and consumer 
applications for almost a half century. They have been used 
in a variety of environments including marine environments. 
Once a specific task is defined, the alloy required to meet 


the demand is selected using four key factors: 


i1.Corrosion resistance 


2.Mechanical properties 


3.Fabrication operations 


4.Total overall cost 


For stainless steels factors i and 4 seem to predominate 
in decision making. Type 316 stainless steel represents a 
good example of this selection process. Over the years Type 
' 316 stainless steel has performed most consistently in 
hostile environments. With -slightly more nickel than Type 
304 and 2-3% molybdenum, Type 316 has been considered a 
solid performer and its use 1s widespread throughout indus- 
try. Unfortunately, this stainless steel, while considered 
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one of the most corrosion resistant of the austenitic stain- 
less Steels, has not performed consistently in total 
immersion in seawater. Reasons’ for the susceptibility of 
Type 316 to corrosion, particularly to crevice corrosion, 
are mumerous and have been investigated thoroughly during 
the past twenty years. Many hypotheses have been put forth 
at symposia around the world. Recently, the United States 
Navy at the Naval Research and Development Center (NSRDC, 
Annapolis , Maryland) undertook a project to evaluate a 
large number of stainless steels and nickel alloys to 
compare these alloys' corrosion performance in seawater to 


Type 316 stainless. 


Thirty-six wrought and nine cast commercial 
molybdenum-containing stainless steel and nickel alloys were 
gathered by NSRDC. These samples have been tested in one of 
the most comprehensive evaluation programs undertaken for 
open publication. Initial testing was done at Laque Center 
for Corrosion Technology, Wrightsville Beach, North Carolina 
under the auspices of Robert M. Kain. i) Thirty day seawater 
immersion tests were conducted on these samples using crev- 
ice washers to create a crevice condition. Analysis of the 
results of these tests has been by both Laque and NSRDC, 
under Harvey P. Hack. 2) Both Mr. Kain and Mr. Hack concen- 
trated on the immersion tests conducted at Laque. Parallel 
research, under the guidance of Professor R. M. Latanision 


Se 





at the Massachusetts Institute of Technology, has evaluated 
these same alloys ina variety of laboratory conditions in 
order to compare the laboratory results to the immersion 
tests, to actual performance tests of the alloys, and to 
current literature synopses reported in professional jour- 


nals and conferences. 


Research at the Institute has concentrated on develop- 
ment of a consistent methodology which would lend itself to 
Strong correlation with the current immersion tests and 
performance tests of said metals in the field. This program 
has included cyclic anodic polarization tests, constant 
potential tests with induced crevices, and Auger Electron 
Spectroscopy (AES). The results of this laboratory work is 
the basis of this analysis which, hopefully, will provide a 


common ground for further work. 
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oo) BACKGROUND 


ere MECHANISM OF CREVICE AND PITTING CORROSION 


IN ABRATED CHLORIDE SOLUTIONS 


CREVICE CORROSION 


Crevice corrosion is ae form of localized attack that 
occurs within crevices or on shielded areas where a stagnant 
Selueton Can Occur. This is one form of what Pourbaix 
referred to as occluded cell corrosion (1). The model first 
postulated by France (2) and Fontana and Greene (3) and 
Since modified by many investigators (4-8), is the most 
widely accepted and will be discussed in this section. Some 


of the parameters involved are shown in Figure 2.1.1 (9). 


A stainless steel, when in an aerated neutral chloride 
solution, assumes a potential in the passive region where a 
small anodic current is balanced by a cathodic current 
resulting from the reduction of oxygen. Equations 2.1(1), 
2.1(2), and 2.1(3) describe the general reactions. The prod- 
uct of these reactions can result in an increase in the 


thickness of the passive film (10). 


Pel eM eM t+ Ze 


ly 





Zee Ot 1/2054 2e5<—-—-—> 20H 
meetin 27 2)Oo 4 Zz (HO) <---> 2M( OH) - 


Tied to these equations, the model suggests a sequence 


of factors which leads to crevice corrosion initiation: 
1. Depletion of oxygen in the crevice solution. 
2. Increase in acidity and chloride content. 
3. Breakdown of the passive film. 


The reaction represented in equation 2.1(3) occurs over 
all of the surface of the metal. If a crevice is of such 
dimensions that the depletion of oxygen within the crevice 
is faster than the diffusion of oxygen from the bulk 
solution, then the crevice solution will eventually become 
totally deoxygenated. Once the crevice solution has been 
depleted of oxygen, the cathodic reaction necessarily takes 
mines outside the crevice anda localized corrosion cell 
develops in which alloy dissolution proceeds within the 


crevice. 


As the pH changes and the chloride content increases, 
the anodic reaction proceeds with the increase in concen- 
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tration of the metal ions, until the solubility product of 
the metal hydroxides is exceeded as described in equation 


2.1(4). The deoxygenization also reduces the pH of the crev- 


ice solution. 


2.1(4) M2*+H,0--->M(OH),+zH* 


The current required to maintain electric neutrality is 
Beaman ly carried by the chloride ions (11), and this, 
coupled with the associated mass transport, leads to a 


build-up of the chloride concentration within the crevice. 


When the crevice’ solution reaches a point where the 
passive film begins to breakdown, rapid localized corrosion 
results. The composition of the crevice solution at this 
Beint 15 termed the critical crevice solution(CCS), typical- 
ly having a pH of between 1 and 2 and a chloride concen- 
tration in excess of O6N (12). It is important to realize 
that the CCS varies with the alloy and/or environmental 
Condata ons. Several investigations are presently being 


pursued to determine these values experimentally (13). 


Thus far the electrochemical aspects have been 
discussed. Other factors which also seem to have an impact 
on crevice corrosion are the thermal and processing history 
of the material. The surface preparation also has an influ- 
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ence on the crevice, as acknowledged by both Rowlands and 
Oldfield, who incorporate factors for surface preparation in 


their crevice corrosion models (14&15). 


Another factor in crevice corrosion initiation is the 
geometry of the crevice. Historically the consensus has 
Suggested that a shallow and open crevice is desirable in 
order to minimize the occurrence of localized corrosion. A 
Critical depth-gap dimension combination must exist for the 
crevice to become active. This geometry controls the local- 
ized environment; that is, the initiation site is subject to 
changes in environment such as deaeration, acidification, 
and Cl” ion concentration. This concept 1s integral to any 
crevice analysis (16). In all situations, however, questions 
can be raised as to the role that factors such as geometry 
play. Suffice it to say that a case can be made for this 
factor qualitatively, but quantitative measurement has been 


inconsistent. 


Once the onset of rapid corrosion is attained, the 
dissolution of the alloy inside the crevice is balanced by 
oxygen reduction outside the crevice and/or by hydrogen 
evolution within. Continued growth and activation is the 
case until some new factor is introduced or the local chemi- 


cal environment is altered. 
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PITTING CORROSION 


The mechanism of pitting follows the lines of crevice 
corrosion except for differences in initiation modes. 
Equations 2.1(1)-2.1(3) give the overall reaction picture. 
Pits may be initiated at inclusions, second phases, regions 
of compositional heterogeneity, and structural heterogenei- 


ties at the surface (17-19). 


Pitting corrosion initiation is harder to define due to 
Seeowpaitficulty in the identification of an initial site 
location. On the -other hand, for many metals the critical 
pitting potential is known, making the occurrence of 


pitting fairly easy to define compared to crevice analysis. 


Another factor that controls the initiation of pitting 
corrosion is the pH of the site. Below a certain pH local- 
ized corrosion is prevalent, while above a certain pH some 
form of passivation occurs. Inside a certain range pitting 
occurs. Mapping of this phenomenon is common using Pourbaix 


diagrams. 


The concept of a critical pitting potential has been 
used in connection with the pitting process. This is the 
potential above which pitting initiates and propagates, but 
below which pitting does not occur. The pitting potential 
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was used to describe the initiation of pits in metals with 


perfect surfaces (free from inclusions, compositional heter- 


ogeneities, etc). 


An understanding of the combined mechanism of pitting 
and crevice corrosion is one objective of this analysis. 
Both problems must be addressed. Stainless steels which are 
increasingly resistant to chloride-induced pitting and crev- 
ice corrosion, combined with the resistance to generalized 
corrosion and erosion in a marine environment, are 


appealing. 
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Js a PASSIVITY 


The passive behavior of metals has been studied for 
almost 200 years, and there still exist widely variant theo- 
ries on the fundamentals of passivity. Uhlig (20) has 


proposed two definitions of passivity: 


1. A metal is passive if it substantially resists 
_corrosion in a given environment resulting from 


marked anodic polarization. 


2. A metal is passive if it substantially resists 
corrosion in a given environment despite a 


marked thermodynamic tendency to react. 


These two definitions may, in one instance or another, 
describe two possible general areas of passive behavior. 
Many different disciplines have been incorporated to eluci- 
date the nature of the passive state, within the context of 


Uhlig's definitions. 


As described in Section 2.1, stainless steels lose their 
passive properties in environments containing chloride ions 
and in conditions that allow the build-up of chloride and 


hydronium ion concentrations. In the process of attempting 
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to describe passivity, four theories have survived in one 


form or another:(21) 
1. Metal modification 
2. Reaction velocity 
3. Oxide film (structured vs. amorphous) 
4, Adsorption 


These theories have been challenged and modified over 
-the years and gradually they have become intermixed. For 
example, the first two theories have been incorporated to 


some extent into parts of the latter two theories. 


In the case of stainless steelS a variety of acceptable 
techniques has been used to study the nature of the passive 
film. It must be remembered that the nature of the exper- 
iment may not only depend on the particular environment (Cl7 
concentration, potential), but the structure may also Ee 


affected by the technique used. 


Chemical analysis and Spectroscopic studies have 
revealed that the primary constituent of the passive film is 
some (Oh any of oxide of chromium, most probably an 
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oxy-hydroxide (22-25). Ellipsometric (26) and Auger electron 
Spectrographic analysis shows a definite increase in film 
thickness with increasing applied anodic potentials, witha 
possible transition between an adsorbed layer and an oxide 
Elam (27). Recent ESCA, Auger, and low energy scattering 
techniques reveal that chromium is always enriched, and that 
the degree of enrichment varies directly with the amount of 


chromium in the base metal (28). 


Alloying elements have been consistently linked to the 
variations of the passive film structure. Some elements seem 
to have a greater effect than others. Studies of the pasSive 
film structure of ferritic stainless steels formed in NaCl 
have revealed a stratified film structure with a total 
thickness of 10 atomic layers. The composition profile of 
iron in the film shows a deep minimum in the middle of the 
film and a marked increase near the oxide-solution 
interface. There is a narrow zone inside the film which is 
composed only of chromium oxide, behind which molybdenum 
rises to a level equal to its concentration in the alloy 
(29). Other alloying elements such as Ni have also been 
found to be components of the passive film, but their role 
in the passivation process is not exactly known (30), and 
there have been several conflicting reports in the litera- 


ture in this regard. 
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An amorphous passive film structure exhibiting lower 
current densities, less susceptibility to breakdown and easy 
to repassSive, has been described by Revesz and Kruger (31). 
Films formed in 1N H,SO, on stainless steels of various Cr 
contents varied from well-oriented spinel structures (0-5% 
Cr) to amorphous (19% Cr). Amorphous character may be due to 
the formation of a mixed oxide of Fe and Cr, which generally 
have some amorphous character. Passivating films on stain- 
less steels contain a substantial amount of water which 
exerts influences on the phySical and chemical properties of 
the film (31). In halide environments, a competition for 
incorporation into the passive film between the halide and 


water may occur (32). 


In recent years more sophisticated methods have been 
used to observe the passive film in a corrosive environment. 
"In situ" modulation spectrographic investigation of Fe-Cr 
alloys in 1M Na,SO, has shown a change in composition of the 
passive film above approximately 20% Cr. The passive film of 
Fe-20Cr alloys was determined to be Cr (III) oxyhydroxide 


containing small amounts of ferric ions (33). 


Passivity and the electrochemical process are tied 
together with the traditional schematic polarization curve. 
In the context of this study, a consideration of the poten- 
tial-current density diagram shown in Figure 2.2.1, gives an 
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electrochemical appreciation of the concept of passivity. 
When the applied potential is increased from Ecorr in the 
noble direction and the current density is recorded, a 
dramatic decrease in current density is observed after the 
primary pasSivation potential is reached (Epp). A _ low 
current density, Ipass, is reached and remains low (although 
not necessarily constant) over a range of potentials, 
dependent upon the stainless steel/environment combination. 
This passive state is maintained until the onset of gaseous 
oxygen evolution or, in the case of chloride containing 
solutions, when the passive film breaks down, with the 
possible formation of pits (Ep). This behavior demonstrates 
Uhlig's first definition of passivity. Closer examination of 
the potential-current density diagram may reveal transient 
current excursions or a variability in the pitting 


potential, which tends to support Uhlig's second definition. 
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ligure 2.2.1 Schematic Polarization Curve 
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ao BREAKDOWN OF PASSIVITY AND REPASSIVATION 


As mentioned in the previous section, a crucial step in 
the sequence of localized corrosion depends on the breakdown 
of passivity. Experimentally determined conditions for 


initiation of this breakdown are (33-34): 


1. A critical solution composition around 


the site of localized corrosion. 


2. Peenittical potential ; 


3. An induction time before breakdown. 


4. Occurs at highly localized sites. 


Any theory of localized corrosion postulated must be 
able to explain passivity or its breakdown encompassing 
these four points. The breakdown may proceed by mechanical 
and/or chemical means. Mechanically, a film on the base 
metal reaches a critical stress depending upon the innate 
properties of the film and solution and the variation of 
Surface tension brought about by halide ions or potential 
Gradients (35-38). A similar model considers the effect of 


mechanical properties of the film by ion interaction with 
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electron orbitals of the species in the film (modeling 


passive film as a p- or n- type semiconductor) (39-40). 


In a chemically induced breakdown, the passive film is 
in equilibrium with an activated state and relative reaction 
rates must be considered. Reactions not only involving the 
passive film, but also with the base metal and with cations 
disassociated with the base metal, come into play. It is 
with this dynamic equilibrium of a passive/non-passive . 
State, and these reactions that the greatest amount of 
effort 1S being expended to determine precise mechanisms, 
especially regarding alloying effects (41-53). Kolotyikin 
and Uhlig have suggested an adsorbed ion displacement model 
(54) where the adsorbed monolayer of oxygen is displaced by 
the damaging ion (Cl~). This model explains the critical 
pitting potential as the potential above which Cl™ ions 


adsorb on the surface. 


Richardson and Wood (55) have proposed an ion migration 
Or penetration model requiring the penetration of damaging 
anions through the passive film, and have concluded that a 
breakdown does not occur at all because there will always 
exist microscopic pores and defects through which the anions 
can migrate. Anion lattice migration models, with migration 
via defects or by a process of ion exchange, have been 
proposed by Hoare (56). 
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Another distinguishing point with respect to theories is 
electrochemical, where the actively corroding pit or crevice 
Operates in the diffusion vice kinetic regime. Most active 
Sites spontaneously repassivate because of their operation 
in the diffusion regime where only a slight cathodic shift 
in potential 1S required for repassivation. They operate in 
the diffusion regime as the result of the relatively limited 
volume at the localized corrosion site. From these facts it 
has been proposed that, with regard to pitting, the repassi- 
vation potential cannot serve aS a parameter characterizing 


the ability of the steel to corrode (57). 


In the real life problem, a combination of mechanical 
and chemical mechanisms probably exists, as well as the 
introduction of other variables such as inclusions, surface 


finish, temperature, etc. (58). 


A recent study by Smialowska, et al. suggests that the 
chloride ion is not incorporated into the passive film 
during the breakdown of passivity in chloride-containing 


environments (59). 


Xps studies by Hashimoto, et al. on the breakdown of 
passivity of 19% Cr ferritic stainless steels in iN HCl 
concluded that a passive film when formed is not uniform, 
but contains micropores, which are repeatedly formed and 
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repasSivated. RepaSSivation was preceeded by the formation 
of chromium oxy-hydroxide. The increase of the chromium 
content in the alloy interferes in the development of pits 
by increaSing the rate of repassivation. Macro- and micro- 
heterogeneities based on crystalline defects in the alloy 
Surface were judged responsible for active surface sites 


60!) . 
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Ze CYCLIC ANODIC POLARIZATION AS A MEANS FOR MEASURING 


THE TENDENCY FOR LOCALIZED CORROSION. 


In the quest for an accelerated laboratory test for 
localized corrosion resistance, a wide range of methods have 
been considered as useful in alloy evaluation (61-79). While 
there probably does not exist a totally satisfactory method 
to rank steels in resistance to localized corrosion, argu- 
ments can be made for screening tests which give a relative 
performance indication. The difficulties in any technique 
are the many variables to consider, and so a variety of data 
must be gathered to develop a body of knowledge to help 
explain the mechanisms involved. As a first step in the 
Studies conducted, cyclic anodic polarization data was 


generated for the alloys under investigation. 


Figure 2.4.1 showS a generalized cyclic anodic plot 
(80). In the case of pitting, the more noble the value of Ep 
or the greater the value of Ep-Ecorr the greater the pitting 
resistance. Figure 2.4.1 shows three values of Ecorr,- 
corresponding to decreasing values of Ep-Ecorr aSs_ one 


proceeds from Ecorr, to Ecorrg3. 


For crevice corrosion Wilde (81) has shown that Ep-Ex 
can be correlated with natural crevice corrosion weight loss 
after long-term exposures to Seawater. The area of the 
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hysteresis loop can also be used in determining crevice 


corrosion resistance (82). 


Over the past few years, particular attention has been 
given to polarization methods. Intensive efforts are now 
being extended to the rational interpretation of polariza- 
tion diagrams. NACE Panel T-32-10 is responsible for the 
Standardization of terminology and interpretation methods. 
Presently, this panel is involved in collecting information 
on rapid scan rate (60V/Hr) polarization of stainless steels 
in 1N H,SO, so that a statistical analytical method may be 
applied and correlations can be made. Results of these 


studies will not be available for some years to come. 


Recent studies by P. E. Morris at INCO Research Labora- 
tories, New York have accumulated approximately 14,000 
polarization diagrams of this type and has developed a 
Pawo  orocedure wtilizing logic Circuit diagrams to 
predict the behavior with a high degree of reliability of 


high nickel alloy steels (83). 
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Zio AUGER ELECTRON SPECTROSCOPY 


Auger electron spectroscopy(84) has been of great use to 
vacuum physicists and surface scientists in studies of 
gas-solid reactions. More recently, AES has been used as a 
means of examining the chemistry of the passive film formed 
electrochemically, although certain reservations must be 
borne in mind, since AES cannot be used "in situ" in elec- 


trochemical experiments. 


The Auger process is illustrated in Figure 2.5.1. An 
electron vacancy is created in the w-band by irradiation 
With low energy electrons. The electron from the x-band 
bills the vacancy and coulombically transfers the 
de-excitation energy to a y-band electron which 1s ejected 
from the sample and detected as an Auger electron of kinetic 


energy Ewxy. 


Ewxy = Ew -Ex —-Ey ~—¢ 


Since kinetic energy is a function of the material's 
electronic energy levels, a qualitative analysis is 
possible. The core electron vacancy is produced by bombard- 
ing the sample with a 3-10 keV beam. The emitted electrons 
are analyzed using a retarding field energy analyzer or a 
cylindrical mirror analyzer. Because of the high background 
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Signal from incident electrons, the background signal must 
be removed by electronic differentiation, and spectra are 


reported in dN(E)/dE vs E coordinates. 


The AES technique allows elemental profiling normal to 
the surface by noble gas ion sputtering. The depth of pene- 
tration by AES is approximately 10A and resolution as the 


order of 50 nanometers (85-86). 


AES studies of the composition of the passive film and 
of the localized active corrosion site have recently been 
reported (87-90). Because of the experimental difficulties 
in analyzing specimens that have been electrochemically 
treated in aqueous electrolytes, Olefjord and Elfstrom have 
reported the construction of an electrochemical cell that is 
directly attached to the AES sample chamber (91). This 
procedure allows the minimization of contamination of the 
Sample and prevents oxide films from developing during 
transfer. The procedure described above has provoked new 
questions concerning sample preparation. Previously the 
controlling path to good Auger analysis was the factors time 
and cleanliness during the post-corrosion period just prior 
to sample introduction into the AES system. Now a poorly 


prepared sample is a much bigger problem. 
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In general every evaluation tool seems to have its good 


points and drawbacks. Using AES the drawbacks include: 
1. Possibility of selective sputtering. 


2. Relative sensitivity among elements to the 
incident electron beam leading to inaccurate 


Quantitative analyses. 


3. At relatively low chromium contents there is 
a general overlapping of the Cr 529 eV peak 
and the oxygen 510 eV peak blurring evaluation. 
The Mo and Sulfur and Argon peaks also have 


overlapping problems. 


These drawbacks must be considered when interpreting the 
results from an AES experiment. For instance, a comprehen- 
Sive study of selective sputtering and the relative sensi- 
tivities of Fe-Cr alloys by Frankenthal and Thompson came to 


the following conclusions(92):; 


1. Fe-Cr alloy surfaces do not undergo preferential 


sputtering when sputtered by Ar and Ne ions. 


2. Adsorption of traces of carbon monoxide onto the 
surface leads to an apparent decrease of the 
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chromium content of the surface layer, the 
observed decrease in Cr/Fe composition ratio 


being directly proportional to the oxygen peak 


height. 


3. Fe2,03 and Cr,0, are both reduced by ion 


bombardment. 


4. The relative sensitivity factor for ‘iron, 
chromium, and their alloys is independent of 
alloy composition, when corrections are made 


for the molar volume. 


Recent developments in digital processing and microcom- 
puter technology have vastly increased the capabilities of 
AES, in that the spectra of many scans may be more accurate- 
ly analyzed and compared quickly to previous results. Ease 
in processing created by these breakthroughs would seem to 
indicate a tremendous opportunity for more standardization 


in research. 
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BU MOTIVATION AND OBJECTIVES OF EXPERIMENTAL RESEARCH 


Uhlig, Sato, and many others have thoroughly researched 
EMe —tOpic of localized corrosion during the past fifty 
years. Many theories have been proposed, some have been 


dismissed. Research has come to one definitive conclusion: 


There 1S no one specific condition for localized 


corrosion. It 18 a very complex situation. 


One would expect group consensus on the various theories 
and there has been some. Generalizations can be drawn about 
the subject and expanded to include theories relating to 
pasSivation and its breakdown. These subjects have been 
reviewed in the previous chapter and will be incorporated 


into the analysis of the experimental results in Section 5. 


The approach used in this research has been linked to 
Type 316 since replacement of this stainless steel ina 
marine environment was the motivation for this analysis. 
From the forty-five commercial grade test samples, six 


groupings were made and are listed: 


Group I : Austenitic stainless steels with 


6 to 16% Nickel 
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Group II: Austenitic stainless steels with 


17 to 40% Nickel 
Group III: Alloys with >40% Nickel 
Group IV: Duplex Austenitic - Ferritic alloys 
Group V : Ferritic stainless steels 
Group VI: Cast stainless steels 
The results of the "in ocean" testing were cataloged by 
Harvey P. Hack uSing Similar groupings in comparing alloy 
performance (112). Actual test results did not completely 
correlate along these lines, but aS a Starting point these 
groupings seemed reasonable. A complete list of alloys eval- 
uated and their composition is shown in Tables 3.1 to 3.6. 
Using these alloys, several key issues were considered: 
1. Does the effect of alloying on the film breakdown 
manifest itself by altering the nature of the film, 
environment, or the base metal? 


2. What is the role of passivation in breakdown? 
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3. Can the cyclic polarization data be generated in 


an efficient and reproducible manner? 


4. Can definitive conclusions be drawn from polar- 
ization diagrams with respect to a metal's tendency 
towards localized corrosion. That is, can the 
values of Ecorr, Ep, Ex, Ep-Ex, etc. be used to 
construct a relative listing of the tendency 


to corrode? 


As mentioned before, different schools of thought exist 
relating to these issues. Scores of articles have been writ- 
ten on each subject over the years. It 1S time now to begin 
a detailed, comprehensive, all inclusive study using all the 
latest, standardized, up-to-date procedures. This study 
represents a modest contribution, but also a solid point of 


departure for continued research. 


44 








ee el 
¥ 


OS PIUOIIIN “6T-KX | OT602S Sstl=cc 
= = 09) 91'O +1ZT€ 
ND 9T°OIN 9S90°0O} 9D BZ'0 


Wt fTE 


UNSZEB COLTES N 9S0°0]{ d S€0°0 IZTEL 


= @ $2000] N c7'O} AN OF °O 
oogTtcs N S€°O 
N 7T°O 


7EL Xou' 
YI2L 
¥ 
NU?C 

OO9TES 9TEL 


6u0] JUUN}SOg con Bios aayay ks Bebe AOLLY 





uowwoy7 19410 


SAOTIV ITSNOIN Z9T 99 49 OILINALSAV - [°€ eTqer 





45 





91Z-D AOLTA3seH 

















679 TeVvosu] 
€-9 AO[[IISeH 








9 AoptTar3sey 





9° Z0IN 
G799ON 





LOO090N 


74 TfG]/9D 67 °€ 
94 T8G]OD LZ°1 














Gz7g AOpoouy 





suozyerusysag 
vomm0) 2394109 








POW OZ SaudeH 
X9-1V 





Lit dnssoe 








oo, dnssaer 
X9-1V 








SUO J IVUTy Sog 
vouWO) IIIY 





G7880N 


“ON SN 


nm) Tt°O 


n> SB8°l 
nD SB°t 
A> 99°T 


PL+GWN 2S°€ 
QN 6f°O 
QN 20°C 











SAOTIV ‘TANDIN ZOV< OILINALSNV —- 


- ND 90°00 'N S4L°O - 


= ND L7't = 
OcCOBON | "9D 6T°E a 


Oc€80N |" SO°O> ©9 67°O a 


= "2 824°O N €02°O = 
= MN) BT°2 99 SZ°O AN 72°O 


706B0N | "D d¥°t N 270 
OOLBON | %D 42°O = 


= nD “S‘T = 


SAOTIV ‘IAXNDIN 


0 = 
UN 82 °O 


e 


d 61T°0 


407 OL ZLT OILINALSAV — 


(% 3A) UOT {Sodwoy 


Ce 





% yA) uvpIpsoduoyg 


et eTdeL 


eTIeL 


TS °ST 
62°C? 
94°C 
CZ Ce 





UadS 97SZ 
9 Oh O02 
£-GQ) Oc 

POW OZ 
X9 

ONS 7S2 
Lid 

X1S %SZ 
00z 

XY 

1706 








46 








- | scons nN L°O £7°0 3 TUOK 

aanjeas| 099445 TL 1S°0 Iv 70°0 02-0 1-2S 

- 0087S - d O10°0 oo 2-4-62 

- - IL 65°0 “ ZZ°0 99-62 

- 002%"S - d £10°0 O1‘0 7-62 

E£-KK} 97999 TL 90°1 HEGEORO LO S1-92 

1-92 9FAG-a *LZ-KK] 7999S | AN OT*O - d O10°0 ot ‘0 1-92 
Z-£1| 00779S | AN 6€°O | FL ETO d 020°0 e570 orl 

uS-8I| Scotrs TL 0%°0O Iv 99°I 920 6£9L 

suo, jeUusysSag Pace sever arse oer fone AOTlY 


uowwo) 13410 


G°e€ eTqeL ; 
SAOTIV OILINNAA - 


47 


n) sect {TN 6T°0 1°99 9T°o] «60 -Ss ee°0 
- nN) Z1°O | N 6T'0 - | ¢00°0 }es°0 Jazo'0 {se'tlov"t 6 °S | 


suopaeusysod [eo ony s | ts 
uouwo) 29IYIY i ¥ Jn) VO, TSOUW ) 






Zo"o |ec*ujoz"e |79°s ee ro ees | 
ape. | Niny | 
86°97 6zeL 




















SAOTIV DILINUIA-OILINALSAY XATdNG - Foe STIPL 





Teupwon 
¥ 


= 7°Ssz | uny[eaaoy 

~ | d 700°0 $$ °%C "od UN ELT 

€ 2awzsoTyD *Z-M WNGTTI d O10'°O co Or st | z-NZT oO 
= d 900°0 8S "UC $79 

OZ VSI ‘OZ OLIV | Ostser d 400°0 10°02 REND 
27443204 | OS976L d 900°0 LC°61 SRZND 

- - d 100°0 76°02 798 NI 

9 €€ OSA ‘9ICL 3889} 00676F - OC ‘6l Kg 49 

~ d O1U'0 "7°71 NOVO 


suo, Ieusy{sag J a 
uouwo) 191139 ON svaf ano Jn) Uof 1;s0dI05 -$ AOLTY 





SAOTIV LSVO - oe Se SNES Leni 


48 





4.1 SAMPLE PREPARATION AND MOUNTING 


4.1.1 CYCLIC POLARIZATION 


The stock material was first degreased in acetone, 
scrubbed with a bristle brush, rinsed with water, and dried. 
Coupons of approximately icm by icm were cut from sample 
plates varying in thickness from 1/8 to 1/2 inches using a 
carbide-bladed saw (Discotem with type 0O3-TRE blades). 
These coupons were then polished on all sides and measured 
with a micrometer for an accurate determination of surface 
area. A stainless steel wire (Wire 20425-alloy metal) was 
then spot welded onto the coupon. A Raytheon Weldpower Model 
60c spotwelding machine was used. The parameters for the 


spotwelding process were: 


1.Parallel-full transformer connection 


2.Heat setting = 6 to 9 


3.Capacitance = 56 microfarads 


~~ 


4.Input = 42 watts-sec., short pulsed from 1-s 


powerhead. 


49 





Initially there was concern regarding possible thermal 
effects from the welding operation. With the welding machine 
configured as above, the minimum time for the current pulse 
was achieved and no noticeable burning was evident. Great 
care was taken to minimize heat input to the sample. Initial 
soldering and spotwelding gave both inconsistent attachments 
and excessive heat (too hot for touch). Only this spotwelder 
seemed to provide minimum heat, the sample never being too 
hot to touch. The weld time appeared to be the key factor to 


Aebain to minimal heat. 


To isolate the wire, a 1/32 inch ID Tygon tubing sheath 
was drawn over the wire and firmly positioned close to the 
coupon. Half-inch length sections of schedule 40 PVC pipe 
were prepared and a 3/32 inch hole drilled to accommodate 
the wire. In other environments PVC piping would be unac- 
ceptable due to chloride content, but the medium used 
contained a high chloride concentration, negating the influ- 


ence of the PVC pipe. 


The sample, with wire attached, and the pipe section 
were placed on double sided adhesive tape over a plate glass 
and a dam of plasticine was built up around the pipe as 
shown in Figure 4.1.1. Miller-Stephenson Epon epoxy 825 
resin and teta (Triethyenetetramine) curing agent were heat~ 
ed to 80 degrees Centigrade in a Precision Scientific Oven, 
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Model 104 with digital controller and were mixed in 11:1 
proportions (epoxy:teta) while still hot and poured into the 
molded assembly soon after mixing. Care was taken during the 
pouring operation and before the epoxy had set (10 - 15 
minutes) to minimize the development of bubbles adjacent to 
the sample. During the initial pourings of the epoxy, bubble 
formation waS a major problem since these locations tended 
to become crevice corrosion sites. A 70% failure rate was 
common initially. Later batches done under improved condi- 
tions had less than a 20% failure rate. Initial runs were 
examined with a microscope to check for inclusions and 
voids. After refining the sample mounting procedure and 
obtaining consistent polarization data, the confidence level 
was increased to a point where the microscopic inspections 


were phased out. 


When the epoxy had cured toa tacky consistency the 
samples were placed ina preheated oven (approximately 70 
degrees Centigrade) and allowed to cool in the oven for 2 


hours. 


When the epoxy had cured completely, the mold was 
removed from the adhesive tape and the entire assembly thor- 
oughly cleaned with distilled water and ground with 240/320 
grit and rinsed again with distilled water and reinspected 
for inclusions. The acceptable samples were then stored in 
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air-tight bags. Immediately prior to the polarization exper- 
iment, the specimen was ground using Sic grinding wheels up 
to 600 Gie1 t (Carbimet grinding paper -Buehler 
Ltd:120/240/320/600 Grane), followed by a rinsing in 
distilled water and then transferred to the electrochemical 
cell. Figure 4.1.2 shows the details of the mounted 
Specimen. To insure maximum stability of the sample during 
polarization, the Tygon tubing of sample mount was drawn 
through a pyrex glass tube of proper size. This Pyrex tube 
waS in turn placed ina rubber stopper and secured in the 


center of the flask. 


The above described sample mounting procedure was used 
for several reasons. First, the relatively large PVC 
pipe /epoxy mount made grinding and inspection easier. 
Second, although a major effort was made to develop a system 
to minimize microcrevices, previous studies (93-94) indi- 
cated the complete elimination of microcrevices was not 
practical, and perhaps not warranted. Finally, this system 
of mounting prevented accidental exposure of the specimen 


during handling. 
In a comparison of cyclic polarization data generated by 
Asphahani using ASTM procedures, the data obtained corre- 


lated well as seen in Figures 4.1.3 and 4.1.4. 
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Figure 4.1.1.1 Sample Mounting Techniques 
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Figure 4.1.1.2 View of Mounted Sample 
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4.2 ELECTROCHEMICAL POLARIZATION TECHNIQUES 


4.2.1 ELECTROCHEMICAL CYCLIC POLARIZATION 


samples were prepared according to procedures described 
in Section 4.1. Each mechanically polished sample was placed 
into a corrosion cell illustrated in Figure 4.2.1. The 
corrosion cell vessel was a standard 3-necked 1000 ml boil- 
ing flask. The test solution was 4% by weight of NaCl using 
laboratory distilled water that had been aerated by bubbling 
pure Oxygen for one hour prior to use. This solution was 
chosen after a literature search and is similar to that used 
by Asphahani (95). The electrolytic cell consisted of the 
Sample, a calomel electrode, and a platinum counter elec- 
trode. A Luggin-Haber probe with bridge was used to minimize 
IR drop between the sample and the reference electrode. The 
distance between the sample and the platinum electrode was 
approximately 5 cm _, which would lead to an estimated IR 
drop of less than 5mV. The counter electrode was mounted 
behind the sample so that there was no direct path between 
the two. This situation was demonstrated to have no effect 
on the polarization data generated by placing the counter 
electrode facing directly in front of the sample in test 
experiments. It was concluded that the conductivity of the 
solution made the counter electrode positioning an insignif- 
icant factor. The pH of the test solution varied between 6.5 


SH 





to 6.8. The temperature of solution was 21-23 degrees Centi- 


grade. 


After immersion of the sample, a working-sense lead was 
connected to the sample to eliminate errors in controlled 
potential caused by IR drops in the working electrode. The 
leads from the potentiostat were connected and the open 
Saseuil t potential of the samples was determined and 
recorded. The sample was then polarized to -0.5V, then 
Scanned anodically from -0.5V to -0.9V (SCE), whereupon the 
scan direction was reversed and run back to -0.5v (SCE). The 
potentiostat used was an AIS (Floyd Bell Associates, Inc) 
Model V-2LR, using the potentiostatic mode. A logarithmic 
converter was used for the plotting of the output current. 
Plots were recorded on a MFE Model 815m Plotmatic X-Y 
Recorder on semilogarithmic plotting paper. The potential 
scan was controlled by an AIS (Floyd Bell Associates) Model 
Scan-3 Electronic Potential Scanning Unit. Scan rate was 
0.6V/Hr with settings as follows: scan range 1.40, scan rate 
29, scan rate multiplier: 0.1. A slow scan rate was 
selected based on evaluations of various techniques reported 


in references (96-99). 


Approximately 700ml of fresh solution was used in each 
experiment. The solution was not stirred, and this may have 
had an effect on the occasional current excursions detected 
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in the same experiments, which will be discussed in more 


detail in Section 6.6. 


A typical scan experiment lasted 4.25 hours, during 
which any noticeable events (pits etc.) were recorded. Upon 
completion, the sample was disconnected from the potentio- 
Stat, thoroughly rinsed in distilled water, dried in air, 


and stored in a polystyrene container for future reference. 
4.2.2 ELECTROCHEMICAL POLARIZATION AT CONSTANT POTENTIAL 


The sample was mounted and prepared as previous samples 
tested using the cyclic method. The Luggin-Haber probe was 
not used in this case. The calomel electrode was placed 
directly into the corrosion cell. A test sample was run 
both with and without the probe, and the same results were 
obtained in each instance. After rinsing with distilled 
water followed by acetone, the sample was allowed to dry in 
peecesiccator for 15-20 meet Plastic paint from a Paper- 
mate permanent pen (red) was applied to a 3-4mm width of the 
sample in 3 coats(i00). The sample was then allowed to dry 
in a desiccator for a minimum of ten minutes. Upon being 
placed in the corrosion cell containing aerated 4% wt NaCl 
adjusted to a pH of 8.0 using 1% NaOH (pH measurements were 
made using a Markson Model 2503 digital pH meter), the 
sample was allowed to sit for one minute. The potentiostat 
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leads were then connected and the sample was polarized to 
the desired potential. Readings of current were taken at 
various time increments until the conclusion of the exper- 
iment. The sample was removed and the plastic paint removed 
with acetone. The coupon was then carefully removed from its 
epoxy mount to avoid additional contamination. The coupon 
was then rinsed again with acetone and placed in a desicca- 
tor until ready to insert into the AES sample introduction 


system. 


The method of inducing crevice corrosion with the plas- 
tic paint was found by experimentation to be more reproduci- 
ble in results than the more conventional methods such as 
the use of rubber bands, o-rings, etc. Studies by Degerbeck 


(100) show that with this method: 


1. No halogen ions, heavy metal ions, or 
oxidizing components have been observed in 


the paint layers. 


2. SEM studies of the layer show that cracks 
form, approximately perpendicular to the 
Specimen surface, many crevices with a mean 
estimated gap of 1 micrometer. The crack 


density is highest at the edge of the film. 
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GS SURFACE ANALYSIS -- AUGER ELECTRON SPECTROSCOPY 


Samples which were polarized with an intentionally 
induced crevice and removed from their epoxy mounting were 
mounted in 45 degree sample holder and introduced into the 
AES vacuum chamber which maintained a pressure of approxi- 
mately 1 x 10 (-9) Torr during the analysis. The Auger Elec- 
tron Spectrometer used was a Physical Electronics Industries 
(PEI) Model 590a. The AES system utilized a PEI Model 25110 


cylindrical mirror analyzer. 


Spectra were obtained by scanning from 0 to 2000eV. The 


standard settings used were: 


Ep = 5 Kev 
ip = .7 Amps 
Vmod = 3 


Vine — Ol 
RC = 0 


Sensitivity =40x 


The first scan was made prior to any sputtering. There- 
after, before a scan, the sample was sputtered for periods 
of 5-300 seconds with Argon ions. The parameters of the 


sputtering gun were: 
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BY = 500 


Cmd 1000 


Obj = 832 


Raster = 1 x i (20-20) 


The analysis was done at the site of active dissolution, 
and at sites which were under crevice conditions but where 
no corrosion had apparently taken place. The quality of the 
Scan was a function of the care taken in the process of the 
polarization and transfer to the AES system. The presence 
of any value of the sodium peak pointed to insufficient 
acetone flush of the sample and cast doubt upon the accuracy 
of the data, especially with regard to chloride content. It 
was realized that the exposure of the samples to air after 
polarization would make it impossible to derive information 


from the Oxygen peaks. 


Total sputtering time varied from 70 to 420 seconds. 
Most spectra showed a bulk composition within 120 seconds, 
depending on the variability in film thickness or in the 


amount of contamination. 


The Auger spectra wee analyzed qualitatively and quan- 
titatively. Quantitative results were taken from the main 
peak-to-peak Auger transitions of each investigated element. 
These transitions’ were: S(EZ3° MzZs) M23); Cli b23 M23 Ma), 
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Cr(L23 M23 M45), Fe(L23 M23 M45), Fe(L23 M45 M45), Ni(L23 
M45 M45), Mo(M45 N45 N45). Quantitative data were determined 
using relative elemental sensitivity factors. This quanti- 
tative procedure is simple and straightforward, but does not 
take into account either the variation in Auger electron 
yield with changes in chemical state or in variation in the 
mean escape depth of the Auger electrons from the investi- 


gated elements. 


The weight percent of the element was calculated by 


the formula: 


Px) Sx 


Cx 


ows: 


Where Px is the observed peak-to-peak height of the 
element x on the dGN/dE spectrum. Sx is the _ relative 
elemental sensitivity factor. The weight percentage is only 
with respect to the elements investigated, which were 


normally those of the bulk metal. 
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oI. RESULTS OF EXPERIMENTAL RESEARCH 


OVERVIEW 


In this section the results will be presented ina 
general context of performance. First, however, a framework 
for the entire evaluation process will be outlined. Starting 
with a generalized performance criteria, a logic diagram 
used in the classification of the results will be described 
in Section 5.1. Using this framework, the electrochemical 
results including representative polarization diagrams and a 
listing of key parameters which can be read from the 
diagrams will be given in Section 5.2. These key parameters 
are defined in Appendix A. Finally the results of the 


surface analysis will be described in Section 5.3. 


5) FRAMEWORK FOR EVALUATION OF MATERIAL 


TO LOCALIZED CORROSION 


In order to produce a ranking of alloys in their resist- 
ance to localized corrosion, the various parameters defined 
in Appendix A were used. Upon examination of all polariza- 
tion scans it was evident that four overall groupings could 


be readily distinguished: 
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1. No localized corrosion-no visual evidence 


of pitting was observed. 


2. Minimal localized corrosion-minor, random 


pitting on the surface of the sample. 


3. Moderate localized corrosion-definite pit 
formation, but not developing into large 


areas of active dissolution as in Group 4. 


4. Heavy localized corrosion-initial pitting 
which eventually coalesced into large areas 


of active dissolution. 


In Section 2.4 the salient points of a polarization 
diagram were discussed. Determining the qualitative perform- 
ance can be done if correlation of these variables can be 
made. As an outgrowth of this attempt to measure 
performance, a simple logic diagram was constructed and has 
been used in evaluating these alloys and is shown in Figure 
5.1.1. Table 5.1.1 shows which alloys fall into each catego- 
ry. The logic circuit diagram was developed along the lines 
proposed by Mr. P. Morris of INCO Research and Development 


Center, Inc (101). 
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The first step was to determine the existence of a 
Myeceresis loop and a definite pitting potential. If no 
hysteresis and no pitting potential was distinguishable, 
then a cutoff value of (Eprot-Ecorr) was used to distinguish 
between no localized corrosion and minimal localized corro- 


sion. 


If both a hysteresis loop and/or a definite pitting 
potential was found, then the values of (Ex-Ep), Imax, 
(Eprot-Ecorr), and the loopwidth parameter were used to 
separate the alloys into the three levels of localized 
corrosion. While the values of these parameters were some- 
what arbitrary, there were very noticeable cutoff values in 
the alloys evaluated. The loopwidth parameter was used when 
only a very small hysteresis loop was observed, and the 
cutoff between no localized corrosion and minimum localized 


corrosion was made. 


An important input for the construction of these rank- 
ings was visual examination of the sample for any possible 
change in the surface appearance. It must also be kept in 
mind that this ranking was made when the alloy had been 
polarized beyond its pitting potential i.e., forced to more 
noble potentials. A relative order of resistance within 


each ranking could also be attempted, but due to the concen- 


or 





tration on the qualitative analysis of these curves any more 


detailed breakdown would be inappropriate. 


As a first blush these rankings are not a definitive 
evaluation of the alloy's performance, but can be considered 
a valid starting point in an integrated analysis. For exam- 
ple, factoring in the "in ocean" results can add a signif- 
icant degree of confidence in the evaluation procedure. "In 
ocean" results will be compared in Section 6.3. Processing 
in additional factors would seem appropriate in order to 
cultivate a more complete analysis, particularly in under- 
Standing what events in the alloy led to the end product. 
For example, were there any trends in the effects of alloy- 
ing elements? These factors will be discussed in Section 


6.4. 
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Se ELECTROCHEMICAL RESULTS 


Mhe sresults of the eyclic anodic polarization exper- 
iments are presented in Figures 5.2.1 - 5.2.43 and Tables 
5.2.1 ~- 5.2.6. These results are grouped as they have been 
in Section 3 and in keeping with Section 5.1. While only one 
figure 1S presented here, all samples were run at least 
twice to ensure that reproducible results were obtained. 
melves ot 8 hcorr, Eprot, Ep, Ex, Eprot-Ecorr, and Ex-Ep are 
presented in Tables 5.2.1 to 5.2.6, again as grouped by type 
as in section 3. Appendix A defines these parameters and 
they will be used in the generalized ranking of the alloys 
with respect to their resistance to localized corrosion in a 


later section. 
5.2.1 Austenitic Stainless Steels 6% to 16% Nickel 


The results are shown in Figures 5.2.1 to 5.2.8 and in 
mable 5.2.1. In general all these alloys tend to have a 
moderate to heavy tendency to corrode locally when the anal- 
ysis in Section 5.1 is applied. A glaring deviation is Rex 
734, which indicated no tendency to corrode locally, even 
though the alloy has less than 3% Mo and less than 10% Ni. 
This behavior might be explained by the high nitrogen 
content, which has been’ shown by Swedish researchers ee. 
substantially increase the resistance to localized corrosion 
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a0 2 )... These new Swedish steels performed fairly well in 
these polarization tests. Rex 734 has an unusually high 
manganese content, which generally leads to a greater tend- 
ency to lcecally corrode. Alloy T216 also has a high nitrogen 
content, and showS a greater resiStance to corrosion than 
one might assume from its composition, especially in regard 


to 1tsS unusually high Mn content (8%). 


5.2.2 Austenitic Stainless Steels 17% to 40% Nickel 


The results are shown in Figures 5.2.9 to 5.2.19. This 
group -generally exhibits a moderate tendency to corrode 
locally. Exceptions include alloys 254 SMO, 6X, and 20 Mo 6 
which show no tendency (254 SMO, 6X) or a minimum tendency 
(20 Mo 6) to locally corrode. These alloys have a greater 
amount of Mo (approximately 6%), and alloys 254 SMO and 20 
Mo 6 also have a lesser amount of Mn. Alloy 254 SMO also has 
a moderate amount of nitrogen. Alloy 20 Cb3 exhibited the 
greatest tendency to corrode, and it has one of the lowest 
amounts of Mo (2%). In general it can be postulated from the 
plots that increasing Ni content does not significantly 


lower localized corrosion susceptibility. 
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5.2.3 Austenitic Alloys >40% Nickel 


The results are Shown in Figures 5.2.20 to 5.2.24 and in 
Table 5.2.3. All alloys exhibit a minimum tendency to local- 
inj~eecorrocde with the exception of Alloy 825 (Incoloy). Alloy 
825 has significantly less Mo and moderately corrodes. All 


other alloys in this group have at least 5.8% Mo. 


5.2.4 Duplex Austenitic-Ferritic Alloys 


The results are shown in Figures 5.2.25 to 5.2.27 and in 
Table 5.2.4. These three alloys have essentially identical 
compositions with the exception of Ferralium, with 3.2% Mo 
and 0.19% nitrogen. Ferralium exhibited no tendency to 
locally corrode, where the others show a moderate tendency 


to corrode. 


O2.o rerritic Alloys 


The results are shown in Figures 5.2.28 to 5.2.36 and in 
Table 5.2.5. In this grouping all alloys with greater than 
25% Cr showed no tendency to locally corrode. The two alloys 
with less than 25% Cr (T439 and T444) both exhibited a heavy 
tendency, even with a substantial amount of Mo in the case 
of Alloy T444. It is interesting to note that none of these 
alloys has greater than 0.43% Mn. Swedish researchers have 
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had great SucceSS in improving corrosion resistance by mini- 
mizing Mn content in their alloys (103). The hypothesis used 
is that the lower manganese content reduces the amount of 


Sulfide inclusions which might otherwise lead to micropits. 


Be2.o CaSt Alloys 


The results are shown in Figures 5.2.37 to 5.2.43 and 
maple 5.2.6. There are examples of all four degrees of 
corrosion in this group. Of particular interest is Illium 
W-2 which contains 17.58% Mo and 62.8% nickel, but still 
exhibits some tendency to corrode. The best performer 
regarding resistance to corrosion was Illium PD, which 
contains 25% Cr and 2% Mo as well as 5.7% Co. CF8M (the cast 
equivalent to 316), performed about as well as its wrought 
counterpart, and 625-cast ranked along with its wrought 


counterpart. 
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Se 3 SURFACE ANALYSIS RESULTS 


In this study surface analysis has been used to comple- 
ment the results of the cyclic polarization measurements and 
to promote an understanding of the breakdown of passivity. 
In order to investigate the mechanism of the breakdown of 
passivity, several alloys were polarized using the methodol- 
ogy described in Section 4.2.2. The results of this 
investigation must be viewed in the light of the advantages 
and drawbacks of Auger Electron Spectroscopy discussed in 
Sections 2.5 and 4.3. All Auger spectra used in this analy- 


S1S are contained in Appendix B. 


Type 316 stainless steel was selected for AES analysis 
Since it was the benchmark for this study. Using the 
constant potential method with an induced crevice former, 
Type 316 was polarized at 100 mV above and below its pitting 
potential as determined in the cyclic polarization exper- 
iments. Figure Seo ak shows the results OF a 
composition/depth profile analysis of Type 316 stainless 
steel as described in Section 4.3. This sample was polarized 
to +300 mV (SCE) for 45 minutes in the presence of an inten- 
tionally induced crevice former. The anodic current density 
at the end of polarization was 1900 »A/cm*. The sample 


exhibited substantial corrosion under the crevice former. 


124 





AES analysis was performed within a site that underwent 


active dissolution. 


Figure 5.3.2 shows the results of a composition/depth 
profile of Type 316 stainless steel, but it was performed on 
an area of the sample which was covered by the crevice 
former but did not undergo visible active dissolution. This 
Site exhibited some discoloration, but no apparent metal 


loss. 


Figure 5.3.3 shows the results of a composition/depth 
profile of Type 316 stainless steel polarized to +50 mvV(SCE) 
for 45 minutes. Anodic current density was 160 ,A/cm*. The 
sample exhibited only minor corrosion under the crevice 
former. The analysis was performed within a site that under- 


went visible localized corrosion. 


Another reason for the initial selection of Type 316 
Stainless steel was to allow correlation of present findings 
with similar Auger studies and compare them to other theo- 
ries by Zakipour and Leygraf (104) and Ogawa et al.(105). A 
awidely held theory of resistance to passivity breakdown 
being the effect of MoO, on the inhibition of active dissol- 


Meron (106). 
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Figure 5.3.4 shows the results of a composition/depth 
peotiile analysis of alloy T439 (UNS No. S$43035: 17.6 Cr, 0.3 
Ni, 0.26 Mn, more commonly called 18.SR). The sample was 
Polarmzed to +300 mvV(SCE) for 15 minutes. The anodic 
Gm@rrent at the end of the polarization was 62,000 ,A/om?2. 
The analysis was performed at a site that had undergone 


visible localized corrosion. 


Figure 5.3.5 shows the results of a composition/depth 
profile analysis of alloy T444(UNS No. S$44400: 18.9 Cr, 1.99 
Mo, 0.43 Mn, more commonly called 18-2). The sample was 
polarized to +600 mvV(SCE) for 15 minutes with the anodic 
current at the end of the polarization was 39,000 ,sA/cm?. 
The analysis was performed at a site that had visible local- 


ized corrosion. 


Alloys T1439 and T7444 were polarized to different poten- 
tials in order to have each above their specific pitting 
potential. The pitting potential was determined by the 
cyclic anodic polarization experiments. If polarization was 
attempted below the pitting potential, no visible active 
Sites were produced within eight hours. Because of the 
Substantial fall in bulk solution pH and the radically 
different experimental time, it was decided to polarize 


above the pitting potential in these two investigations. 
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Raw data from the Auger spectra were entered into a 
HP-67 calculator which had a program to determine the values 
of elemental weight percent. This data was then input into 
a Simple FORTRAN program to utilize the ZETA plotter at the 
Information Processing Center at MIT, which produced Figures 


pre tO 9.349. 
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6:0 DISCUSSION OF RESULTS 


5) al GENERAL TREND IN CYCLIC POLARIZATION TESTS 


Polarization diagrams have been grouped many ways, in 
each case the author had to decide how specific or general 
each group should be. In the imprecise world of polarization 
diagrams, it 1S easy to be infatuated with detail. Multiple 
testing of over forty alloys leads to a plethora of polari- 
zation diagrams. Each diagram has its own idiosyncrasies. 
Taking a step back though, key characteristics, as defined 
previously, were recorded for each diagram and indexed. At 
the same time a graphical comparison of the diagrams were 
made and compared to published results. When the polariza- 
tion diagrams were studied in detail and key parameters were 
integrated into the analysis, four general shapes were 
distinguishable, and these were used to group the various 
alloys in relative rankings for resistance to localized 
corrosion. Each shape was associated with a tendency to 


locally corrode as described in Section 5.1. 


Shape 1 (eg. Figure 6.1.a) is distinguished by an anodic 
current density less than 5 ,sA/cm? for the range from Ecorr 
to the end of the anodic scan. No pitting potential (Ep) was 
evident and the protection potential (Eprot) was greater 
tna tooo mV (SCE). This shape was associated with no 


is 





loecaemzead corrosion. ( Note: As described in Appendix A, 
the term Eprot, when used in this group, does not refer toa 
protection potential per se, since no pitting occurred. The 
term Eprot is used, in this grouping, only to maintain 


consistency of parameters amoung the four groupings. 


Shape 2 was similar to Shape 1 (eg. Figure 6.1.b), but 
exhibited a distinct rise in anodic current density in the 
range of +300 to +400 mV (SCE) and exhibited a small hyster- 
esis loop with a crossover potential (Ex) between +750 and 
+850 mV (SCE). The protection potential was in the range of 
+300 to +500 mv (SCE). This shape was associated with mini- 


mal localized corrosion. 


Shape 3 (eg. Figure 6.1.c) also showed a distinct rise 
in anodic current between +300 to +900 mV (SCE) and exhib- 
ited a large hysteresis loop, with a protection potential 
approximately equal to the corrosion potential. The maximum 
anodic current density was always noted to be less than 1000 
zA/cm?. This slope was associated with moderate localized 


SemhoS1On . 
Shape 4 (eg. Figure 6.1.d) exhibited large hysteresis 
loops with maximum anodic current densities in excess of 


1000 ,zA/cm?. Protection potentials were generally more 
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cathodic than the corrosion potential. This shape was asso- 


Ciated with heavy localized corrosion. 
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62 COMPARISON WITH PUBLISHED ELECTROCHEMICAL RESULTS 


Over the years numerous investigations of stainless 
steels have been made using electrochemical techniques. 
Section 2.4 enumerated on some of these studies. This 
section will briefly summarize results of other investi- 
gators using the same alloys or similar alloys tested in the 


present study. 


Asphahani (107) conducted tests on Alloy 316, 825, Alloy 
G, 625, and C-276, using slow and fast scan cyclic polariza- 
tion and constant potential techniques in 4 wt% NaCl. His 
ranking in terms of localized corrosion was (in order of 
decreasing resistance): C-276, 625, Alloy G, 825, and 316. 
The results of the present study would give the order as 
C-276/625/Alloy G (Group 2) and 825/316 (Group 4), where the 
alloy separated by the slash falls into the same general 


grouping set in Section 5.1 referenced parenthetically. 


Trabanelli and Zucchi (108) performed anodic polariza- 
‘tion studies in 3 wt% NaCl with alloys 1316, C-276, and INCO 
Alloy IN-X (14.2% Cr, 27.5% Ni, 9.65% Mo) and ranked them as 
follows (in order of decreasing resistance): IN-X, C-276, 
and 316. The present study would have predicted the same 


order, except of IN-X which was not tested. Given the high 


io) 





austenitic character and its high Mo content, it can be 


presumed that IN-X would probably fall into Group 1. 


Morris and Scarberry (109) used the anodic polarization 
techniques at various temperatures in 10% H,SO, to study 
alloys 825 and 625 among others. Their study predicted a 
much better performance of 625 compared to 825. This study 


concurs with that finding. 


Manning (110) studied alloys 20 Cb3, Ferralium, 20 Mod, 
825, and Alloy G in 4 wt% NaCl +.01m HCl at 70 degrees C and 
found Alloy G to show no propensity toward pitting corrosion 
and ranked the others (in order of decreasing resistance to 
Porting): Ferralium, 825, 20 Mod, and 20-Cb3. the present 
study would rank these alloys: 20 Mod/Ferralium (Group 1), 
Alloy G (Group 2), and 20-Cb3/825 (Group 4). Manning also 
concluded that the fast scan polarization tests were not 
adequate, and the best candidates for test methods for 
localized corrosion resistance are the slow scan rate poten- 


tiodynamic and constant potential tests. 


Kain (111) evaluated alloys 20-Cb3, 825, 625, and Alloy 
G using both "in ocean" testing and fast scan cyclic anodic 
polarization techniques. Kain concluded that prediction 
based on electrochemical techniques alone can be misleading, 
especially in the alloys susceptible to moderate localized 
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corrosion. The present study makes no claims that one can 
exclusively depend upon one technique: but in comparing the 
Slow scan-rate data generated in this study to the fast scan 
data, the slow scan rate technique gives much better resol- 
ution between the various alloys. This is supported by the 


Asphahani and Manning research discussed above (110). 


Garner (112) used a chemical potentiostat, (ie. FeCl3) 
to rank alloys (among others): T316L, 904L, Jessop 700, 
hiieos, S4LN, T3i7L, T3i7L+, 254 SMO and 20-Cb3. A conserva- 
tive estimate of resistance to localized attack was made and 
his ranking is (in order of decreasing resistance to local- 
ized corrosion): 254 SMO, AL-6X, 34LN, Jessop 700, 904L, 
T317L+, and 20 Cb 3/T316L/T317L. The present study would 
rank these alloy as follows: 254 SMO/AL-6X (Group 1) and the 
other alloys in Group 3. Again the relative lack of sensi- 
tivity of the present study is seen. However, other logic 
circuit diagrams aS in Figure 5.1.1 could be made to deline- 


ate relative rankings within each of the four groupings. 


While the above references to other research shows a 
general agreement in results, it shows that, in general, no 
one method can be assumed correct for all situations, and 
that if several methods are combined, a more precise predic-— 


tion results. 
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63 COMPARISON WITH IN OCEAN TEST RESULTS 


The alloys considered in the cyclic polarization exper- 
iments were divided into four groups, depending upon their 
tendency to locally corrode. The experimental procedure was 
based upon the absence of intentionally applied crevices, 
and therefore, the data generated would not be expected to 
predict an alloys' tendency to crevice corrode. However, 
this Section will describe the crevice corrosion testing 
done with the same alloys tested in the present study. The 
correlation of results between the two studies was Surpris- 


ingly good, and- deemed worthy of elaboration. 


As mentioned in Section 3, "in ocean" testing was 
conducted at Laque Center for Corrosion Technology under the 
Girection of Robert M. Kain (113). Materials tested were 
commercial grade alloys supplied by Allegheny Ludlum, Armco, 
Avesta Jernverks, Cabot, Carpenter Technology, Crucible, 
Eastern, Firth-Brown, Huntington, Jessup, Langley Alloys, 
and Uddeholm. Harvey P. Hack used the data generate from the 
Laque tests to evaluate the performance of these alloys 


(114). 


Samples provided were cut to 100 by 150 mm rectangles. 
Sample thickness ranged from 0.5 to Smm. In each case a 13 
mm diameter hole was drilled in the center of the sample to 


140 





allow for the attachment of the crevice formers. Samples 
were then ground using wet 120-grit silicon carbide abrasive 


paper. 


The experimental procedure is described in detail in 
reference (115). Some highlights of the procedure include 
installation of a Devrin washer torqued to the sample leav- 
ing an exposed-surface/shielded surface area ratio of 1500/1. 
All samples were tested in triplicate for a duration of 30 
days. To minimize run to run variations, samples were tested 
using the same racks within four months of each other. Visu- 
al inspections were made regularly, but these observations 
were made without disturbing or removing the samples from 
their seawater environment. At the completion of the 30 day 
exposure test, samples were removed and immersed in cold 30% 
HNO 3 FOr a5 minutes, rinsed and brushed with a 
pumice-detergent to remove corrosion products and staining. 


The key parameters are as follows: 


PH TA Ou 
Salinity 34.4 to 39.1 mg/l 
Chloride ISR 2" tOne2e7 ing i 


Dissolved Oxygen Sse tO, oO, . ang / t 
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Percent Saturation 84.7 to 100.0 


Mean Temperature 27.7 Degrees C 
Standard deviation 


of 1.4 degrees Centigrade 


Nominal Velocity 0.02 m/sec 


Fresh, filtered seawater was introduced at a rate of 6 


to 7 times daily. 


Results measured the depth of attack to the nearest 0.01 
mm, the number of sites attacked, and time to initiation. 
Sample corrosion varied from no attack to over twenty sites 
of localized corrosion. Attack was also as deep as 3 to 4 
mm, and as early as thirty-six hours after test initiation. 
Using the grouping defined in Section 3.0, the materials 


performed in the following manner. 
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6.3.1 ALLOY PERFORMANCE "IN OCEAN" 
AUSTENITIC STAINLESS STEELS WITH LESS THAN 17% NICKEL 


As shown in Table 6.3.1 , all these alloys had at least 
one crevice site. The majority had site development in the 
first four days. The presence of molybdenum did not seem to 
affect the number of sites of attack or the time to initi- 
ation. There was also no statistical correlation between the 


amount of nickel, manganese, and chromium content. 
AUSTENITIC STAINLESS STEELS WITH 17 TO 40% NICKEL 


These alloys experienced the largest variation and most 
inconsistent results. That is, several samples of the same 
alloy did not experience any corrosion while others suffered 
some attack. Alloys 254 SLX and 777 suffered multiple 
attacks on all samples. No statistical conclusions could be 
drawn from these results, but several trends were noted. The 
alloys with the highest molybdenum content had the shallow- 
est depth of attack, while the alloys with low molybdenum 
had the greatest depth of attack. Harvey Hack conjectured 
that the longer initiation time of higher molybdenum alloys 
resulted in a shorter time for propagation. Once again other 
alloying elements seemed to have no significant impact on 
performance. 
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AUSTENITIC ALLOYS WITH OVER 40% NICKEL 


Performance of these alloys appeared to be dependent on 
the amount of molybdenum in the alloy. For example, the 
Superalloy Incoloy 825 suffered corrosion on all six of its 
Samples. The other Superalloys seemed to experience corro- 
Sion relative to molybdenum content. That is, alloys with 72% 
Or more experienced hardly any corrosion. The molybdenum 


factor covered any other significant correlation. 


DUPLEX AUSTENITIC-FERRITIC 


The correlation of molybdenum content and amount of 
attack once again seemed strong. Those with lower molybdenum 
and only traces of copper experienced attack on all samples. 
Ferralium with 3.2% Mo and 1.8% copper experienced attack on 
only one panel. The correlation of copper with corrosion 
could not be predicted from the other groups shown above, 
but will at least be noted here for comparison with labora- 


tory results. 


FERRITIC STAINLESS STEELS 


The effect of molybdenum again seemed to correlate with 


the corrosion noted, but content level required to cut 
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corrosion dropped to 3.5% compared to the 8% level needed 


for the austenitics. 
CAST ALLOYS 


Results for these cast alloys seemed to follow their 
wrought counterparts. Molybdenum had a beneficial effect on 
both the total number of sites and depth of attack. The one 
exception was the cast Ferralium with 1% less molybdenum 
performed significantly worse than its wrought counterpart. 
Alloys with more than 8% molybdenum did not suffer any 


Significant attack. 


GENERAL REVIEW 


Corrosion of these alloys seemed to be in general agree- 
ment with published results although the levels were usually 
ae eee than previous tests. Experimental detail could vary 
in all these ocean tests-- different washers, torque values, 
and sample preparation. Harvey Hack noted that these results 
confirm the requirement for more consistent conditions. 
Molybdenum effects followed literature predictions in that 
corrosion resistance improved with corresponding increases 
of molybdenum. All other alloying elements had statistically | 
insignificant effects on crevice corrosion behavior. Several 
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alloys proved to be more corrosion resistant in seawater 


than Type 316 stainless steel. 


The NSRDC Report then grouped results into four groups 
Similar to the method used in Section 5.1. Groupings were 
based on the amount of attack (the number sites) on the 
Sample. Table 6.3.2 shows these rankings. These four group- 
ings were made of all alloys based on amounts of relative 
corrosion. A qualified confidence in these groupings was 


reported in the NSRDC Report. 


Comparison of "In Ocean" and Polarization Groupings 


The groupings of the polarization results and the "In 
ocean" results compared favorably for all alloys except two. 
The "In ocean" results and the polarization results were 
within one category for all alloys except Rex 734 and Illium 
PD. Table 6.3.3 shows all metals and their corresponding 


ranking of corrosion resistance. 


Looking at the results in a macro-sense, there is a 
fairly high correlation if the groupings are combined that 
is, little to no corrosion versus moderate to heavy corro- 
sion. Using this method, all but four alloys fall into these 
two groups or a 90% agreement between the two methods. 
Alloys 254 SFER, AL-4X, Rex 734, and Illium PD are the only 
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alloys which did not have their grouping corresponding simi- 
larly for both tests. In the polarization tests for Rex 734 
and Illium PD virtually no corrosion occurred while the 
Seeans, tests exhibited fairly high corrosion. Illium PD and 
Rex. /34 were the only alloys which did not come close to 


Macening. 


Rather than propose a specific category with a fairly 
high level of uncertainty, the global ranking of two catego- 
ries is the most specific correlation proposed and is shown 


teeraole’ 6.3.4. 


There are several explanations for the excellent corre- 
lation of the "in ocean" crevice tests and the cyclic anodic 
polarization experiments in the absence of an intentionally 
applied crevice. One explanation may be that the polariza- 
tion experiments without crevices can, in fact, predict the 
tendency to crevice corrode in the alloys considered, as 
addressed by Asphahani (107). A second possible explanation 
could be that the sample preparation methods used in the 
present study leads to some form of microcrevices which were 
not screened out in the quality control process. Finally, 
the correlations observed were artifacts, and an insuffi- 
cient number of experiments to confirm the correlation were 


performed. 
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Summarizing the discussion of this section, a coordi- 
nated method of ranking of stainless steels in a marine 
environment has been proposed. Validity of the methodology 
can be easily questioned, but the evaluation process must 
begin somewhere and two independent methods using the same 
material seems like a reasonable origin. Obviously a more 
comprehensive system is ideal and proposals for such will be 
given in the conclusion (Section 7) and in the remainder of 
this Section. Suffice it to Say, the input of more data 
would give rise toa higher confidence in determining the 
ability of a stainless steel to perform in seawater in terms 


Sr) GOLCOSION. 
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CREVICE CORROSION RESULTS FOR CAST ALLOYS 
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Table 6.3.1 Results from Crevice Testing at LaQue Center 
for Corrosion Technology 
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GROUP GROUP GROUP GROUP 
1 2 3 4 
NO MINIMAL VARIABLE HEAVY 
LOCALIZED LOCALI ZED LOCALI ZED LOCALIZED 
CORROSION CORROSION CORROSION CORROSION 
UNDERLINE 
29-4 Alloy G Jessop 777 CA6N * 
29-4C Alloy G3 Jessop 700 317LM 
294-2 20 Mo 6 904L 22713e5 
MONIT 20 Mod 254 SLX 44LN 
625 4X T2796 34LN 
G=276 6X Ne 662 CN7M * 
Pelvum W2 * 26-15 31.7 is 
SG=1 T317L 
Ferralium 20-Chs 
T3466 
Rex 734 
825 


T439(18-SR) 


T444(18-2) 


CF 8M * 


ITllium PD * 


* Denotes cast alloys 


TABLE OF GROUPINGS VIA "IN OCEAN" TESTS 
Table 6.3.2 
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GROUP GROUP GROUP GROUP 


1 2 3 4 
NO MINIMAL MODERATE HEAVY 

LOCALI ZED LOCALI ZED LOCALI ZED LOCALI ZED 
CORROSION CORROSION CORROSION CORROSION 
(1)29-4 (2)Alloy G (3)Jessop 777 (3)CF 8M * 
(1)29-4C (2)Alloy G3 (3)Jessop 700 (3)20-Cb3 
Gao =4=2 (2)20 Mo 6 (3)Jessop 770 (4)CA6N * 
(1)MONIT (1)625 (2)254 SFER (3)18-2 
(2)AL-6X (Ae -—276 (3)904L 2) 16-SR 
(2SG=1 il) Ses (3)254 SLX (3)T316 
(2)20 Mod (1) ILLIUM W2 * (4)44LN (3)825 
(2)26-1 (4)34LN (4)CN7M * 
(2)26-1S (4) 22-13-95 
(2)254 SMO (3)T216 
(3)Illium PD * (3)T329 
(2)Ferralium (shire 4 7 L+ 

(393407 Go 

(4)T317LM 

(3)IN 862 * 


* Denotes cast alloys 


(X) Denotes ranking from in ocean tests 


TABLE OF COMBINED GROUPINGS-- POLARIZATION AND "IN OCEAN" 
Table 6.5.5 
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GROUPING GROUPING 


1&2 3&4 
MINIMAL HEAVY TO 
TO NO MODERATE 
LOCALI ZED LOCALI ZED 
CORROSION CORROSION 
29-4 Ferralium Jessop 777 Cres Mee 
ZI=E8¢ Rex 734 Jessop 700 Z20-Gbp-3 
Zao 2 Alloy G 254 SFER CA6N * 
MONIT Alloy G3 AL-6X 18-2 
AL- 6X 20 Mo 6 904L | 1S Se: 
Se. 1 625 254 SLX Weak ss 
20 Mod Ga276 44LN B25 
Zo= 1 625 * 34LN CN7M * 
26-15 Pliiumew2 * 2251525 T216 
254 SMO Lene: NG Me, 34.7 
IN 862 * i317 i 


T317LM 


* Denotes cast alloys 


TABLE OF NEW GROUPINGS-- POLARIZATION AND "IN OCEAN" 


Table 6.3.4 
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6,4 ALLOYING EFFECTS 


In an overview of all the alloys investigated, a few 
generalizations can be made regarding the effects of alloy- 


ing upon the resistance to localized corrosion. 


For the austenitic alloys the best results are obtained 
in alloys with greater than 20% Cr, 17% Ni, and 5% Mo. As 
Stated in Section 5.2, minimization of Mn and having greater 
than 0.4% nitrogen gives dramatically increased resistance 
to localized corrosion (116). Increasing the nickel content 
from 17% to 61% did not significantly reduce the suscepti- 
bility to localized corrosion unless the molybdenum content 


was above 5$, 


With the duplex austenitic-ferritic alloys, the amount 
of Mo seemed to be the deciding factor in minimizing the 
chances of localized attack, although here again, reduction 
of Mn appears to be a factor. The duplex alloys are such a 
small group, three, that generalizations are difficult to 
make. It might be noted, however, that since two of the 
three alloys did undergo extensive localized corrosion such 
alloys may not be SUultable replacements for T1316. 
Ferralium's good performance was somewhat unique in that its 
polarization diagram had attributes of both Group 1 and 
Greioec, figure 5.2 #25. 
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The ferritic alloys investigated in this study had 
excellent resistance to localized corrosion, in general. 
Greater than 25% Cr and greater then approximately 3% Mo 
ensures no localized corrosion tendencies. Surprisingly, 
pueloys. Zoe andwe 26-18, “ach with about 1% Mo and 25% Cr, 
also showed excellent resistance to localized corrosion. No 
other alloying differences are immediately evident and one 
difference distinguishing these ferritics from the poorly 
performing austenitic alloys is the fact that they have 
greater than 25% Cr. This points to the difference of Mo 
alloying effects between austenitic and ferritic alloys. A 
smaller amount of Mo is needed in ferritic alloys than 


austenitic alloys to have reasonable corrosion resistance. 


The best performing cast alloy (Illium PD) is similar in 
content to the duplex alloy, Ferralium with 24.5% Cr, 5.4% 
Noy 26 Mo. As in the case of the high nickel austenitic 
alloys, increasing the nickel content in these cast alloys 
to large values (60-65%) did little to improve corrosion 


resistance without a substantial amount of Mo. 


Reviewing all the alloys, it can be definitively stated 
that the presence of molybdenum has a beneficial effect on 
an alloys' corrosion resistance. This is not a profound 
Statement since a multitude of articles have previously 
confirmed this statement before. For example, Yoshii working 
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with Ambrose at the University of Florida indicates that the 
advantage of molybdenum in the alloy may be in improving the 
bonding at the metal oxide interface and in decreasing the 
activity at the active surface sites (117). Section 6.5 will 
consider the subject more deeply and investigate the role of 
the molybdate ion in corrosion resistance. Nickel appears 
to have only a role in the stabilization of the austenitic 
phase, and other investigators have found no measurable 
effect of nickel on the resistance to localized corrosion in 


alloys already completely austenitic (118). 
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Ss) COMPOSITION PROFILE OF THE STAINLESS STEEL SURFACE 


As stated in Section 5.2 several alloys were analyzed 
using Auger Electron Spectroscopy. The approach used in this 
surface analysis. was to start with the alloy which led to 
this testing program, Type 316 stainless steels. Further 
investigation has been tied to trying to understand the 
various variables which could possibly have an effect on the 
corrosion process. Alloying effects and the impact of trace 
elements on similar alloys were given specific consideration 
in order to examine possible theories of passivity, 1ts 
breakdown, and repassivation. For example, surface analysis 
concentrated on alloys of similar content except for one or 


two elements. 


TYPE 316 STAINLESS STEEL 


Analysis of Type 316 stainless steel seems appropriate. 
From the results of the analysis of this alloy, Figures 
5.3.1 to 5.3.3, several generalizations may be made. The 
active sites showed a chromium enrichment with concomitant 
depletion of iron. All results indicated essentially bulk 
composition after 60 seconds of sputtering. The evidence of 
chromium enrichment is supported by several other investi- 
gators from previous research (119-123). All profiles showed 
the presence of molybdenum within ten seconds of Sputtering. 
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The presence of sulfur was detected in the active areas, 
but never in the unaffected area within a crevice site where 
there was no active corrosion. The sulfur concentration in 
the initiation areas was substantially above that found in 
bulk metal. The presence of sulfur under these circum- 
StancesS points to the possible mechanism for the initiation 
of localized corrosion. Localized corrosion is initiated at 
the site of a MnS inclusion, which upon dissolution leads to 
enrichment of the local environment in H,S as described in 
reaction 6.5(1). These inclusions along with grain bounda- 


ries are sites of high activity in the alloy. 
MnS+2H* <--->H,S+Mn2+ 


Further, the sulfur in the form of H,S is readily able 
to react with elements in the base metal, Such as copper, 
Since H,S is a known catalyst in dissolution in active state 
of the alloy. For instance in the case of copper a typical 


reaction iS: 
2Cu + H,S<--->Cu,S$+2H*+2e- 


Cu,S, being very insoluble in water, would then be 
deposited. Zakiipour reported there was approximately twice 
the amount of copper (by atomic weight percent ) compared to 
the amount of sulfur in his investigations (124). Strong SEM 
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evidence showed the existence of copper nodules at the 
bottom of the crevice (126). No evidence of copper was found 
in the AES spectra, even though the bulk composition 
contains a trace of the element. This could be due to the 


insensitivity in this analysis. 


The sulfur in the form of H,S may also react with the Mo 
of the bulk metal to aid in the formation of the molybdate 
elle This reaction in turn could aid in the inhibition of 
alloy dissolution by the mechanism described by Ogawa et al. 
(26). According to Ogawa , the molybdate ion is adsorbed 
on the metal surface at the point of passive film breakdown 
effectively covering the surface and allowing the passive 
film to regenerate. USing two similar alloys which differed 
only in the presence of molybdenum, an initial evaluation of 
the Ogawa theory was made. The results from Type 439 (185R) 
and Type 444 (18-2) tended to support the Ogawa theory (Fig- 
ures 5.2.4 and 5.2.5). In this series, sulfur was never 
found at the active site on alloy T439, which has only a 
trace of molybdenum. This dependence on the presence of 
molybdenum in the detection of sulfur suggests a dual role 
of sulfur,first as an initiator in the form of MnS, then the 
sulfur in the form of HS acts as a catalyst to produce the 


protective molybdate ion. 
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Chloride is also a major variable, and its presence in 
the profile is linked to molybdenum. When no molybdenum is 
present, chloride is detected all the way down to the base 
metal, whereas in alloys containing Mo, chloride dissap- 


pears after much less sputtering (Figure 5.2.5). 


To summarize, all of the evidence, Figure 6.5.1 shows a 
possible mechanism of the role of molybdenum in the improved 


resistance to localized corrosion. 


Figure 6.5.1a shows the metal with a protective layer in 
the presence of either the crevice solution or, in the case 
of -pits with the bulk solution. The passive layer is broken 
by a certain mechanism (various mechanisms have been 
discussed in Section 2.3). The MnS inclusion serves as an 
initiating point for alloy dissolution and a small local 
volume is_¥ formed which, depending upon the presence of Mo, 
contains the molybdate ion in conjunction with other 
Species( Figure 6.5.1b) or simply the products shown in 
Figure 6.5.1d. If molybdate ion is present, Figure 6.5.1c 
the penetration of the chloride rich solution is blocked, 
thus limiting the dissolution process because of the block- 
age of a mobile charge carrier (Cl-) and/or the molybdate 
ion serves as an adsorbed protected species as suggested by 
Ogawa. This assumes that the molybdate is at least partially 
bonded to the passive film. 
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When molybdenum 1S not present as in the case of Type 
439 (18SR), and the passive film is broken down, then there 
is a free passage of the chloride solution allowing the 
alloy dissolution process to proceed at a greater rate. The 
AES data showed high chloride content throughout the film 


area. 
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Puemre 6.5.) Mechanism for Mo Involvement in Resistance toward 
Localized Corrosion 
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Siri COMMENTS ON PERTURBATIONS IN CYCLIC 


POLARIZATION CURVES 


Several polarization curves exhibited current fluctu- 
ations cueing the anodic scan, above the corrosion 
potential. There are several explanations for this behavior. 
Williams et al. (127) argue that these fluctuations repre- 


sent transcient passivation and repassivation events. 


These fluctuations did not occur consistently in differ- 
ent experiments for the same alloys, which point to a more 
probable explanation, namely, that of the experimental 
procedure. The solution was not being stirred during the 
polarization experiments and this resulted in current fluc- 
tuations similar to those observed in previous studies 


1EEZG))) 


As mentioned before, great care was taken in developing 
an experimental procedure that was as reproducible as possi- 
ble. Microcrevices could be linked to the bulk alloy or the 
epoxy/falloy interface. Crevicing in the bulk alloy seems 
improbable because each alloy was ground in the same 
sequence ending with the final 600 grit abrasive in the same 
horizontal direction. A more likely candidate is_ the 
epoxy/alloy interface as a crevice initiator. While every 
Sample had its vertical faces ground with 240 grit, this 
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area seems more susceptible to problems as witnessed in 


Sample preparation discussed in Section 4.1. 


In the final analysis, these local fluctuations do not 
seem to be important. The polarization curve groupings 
proposed in Section 5.1 factor these fluctuations out in the 
first review. It is felt that these fluctuations should be 
noted, but not tied to the overall ranking of the alloy. It 
is also believed that any further attempt to improve the 
epoxy /alloy interface would require significantly more 
Stringent laboratory controls not in keeping with a massive 


general test and evaluation program. 


164 





a CONCLUSION. 


At the beginning of this study several researchers 
recommended a more specific, less comprehensive approach 
concentrating on a few of the alloys available rather than 
forty-three diverse alloys. After over 100 slow scan polari- 
zation experiments which have correlated fairly well with 
the 43 alloys tested "in ocean", persistance seems to have 
Succeeded. This research has only begun to establish a 
Specific ranking of alloys, but a starting point has been 
defined. On the otherhand, the use of the slow scan cyclic 
anodic polarization method developed in this study appears 
SUltable in rating stainless steels with regard to their 
resistance to localized corrosion. In particular, using the 
Slow scan method, the localized corrosion resistance of an 
alloy compared to T316 can be confidently determined. This 
measurement allows one to determine if the alloy is either 
more corrosion resistant than T1316, or just aS good. No 
refinement beyond this can be accurately made, but for the 


purpose of this study the former is all that 1s required. 


A more sensitive analysis could be achieved if other 


testing methods and surface analytic studies are integrated 


T? 


into a given approach. In this study factoring in the "in 
ocean" results complemented the laboratory research. Ferric 
chloride testing, constant potential tests, "in situ" AES 
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evaluation, and other surface technigues could also be 
factored into the overall testing program. Care would have 
to be taken that as many variables as possible be removed in 
order to improve correlation of data. Probably the strong- 
est point of this analysis is the consistency of the sample 
preparation and test procedure. Any complementary testing 


must incorporate this consistency. 


Of the alloying elements, molybdenum was most effective 
at increasing resistance to localized corrosion. Austenitic 
alloys with greater than 5% Mo showed no tendency to corrode 
localiy. Ferritic alloys with greater than 25% Cr and 3% Mo 


also showed no tendency to corrode. 


The role of Molybdenum in improved resistance to local- 
ized corrosion is related to the presence of the molybdate 
ion which serves to protect the exposed metal surface and/or 
block the entrance of a mobile charge carrier chloride (Cl-) 
into the local corrosion cell. Surface analysis supported 


this theory. 


The reduction of manganese and the incorporation of 0.4% 
nitrogen dramatically improved the corrosion resistance of a 
given alloy. More research in this inexpensive method of 


alloy improvement seems very appropriate. 
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A greater sensitivity to ranking could be achieved with 
even greater attention to detail, but this must be weighed 
against the benefits of a more comprehensive general test 
program. Presently the splitting of alloys into the 
minimal/no corrosion and moderate/heavy corrosion seems 
adequate if a go/no go replacement for T7316 is used. If a 
more precise analysis is required, then caution should be 
used in drawing any more definite conclusions about the 


corrosion resistance of a given alloy. 


Finally, as stated in the introduction, replacement of 
an alloy must take into account several key factors, not the 
least of which is cost. Maybe an inexpensive cathodic 
protection system 1S more appropriate. In any case, one 
should not summarily define an alloy as the "nirvana of 
alloys" because in all probability there is some drawback in 


that alloy's performance. 
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3,0 FUTURE WORK 


Now that a framework for a consistent large scale test- 
ing method has_ been established, further research in this 
area should concentrate on surface chemistry utilizing Auger 
Electron Spectroscopy (AES), X-ray Photoelectron Spectrosco- 
py (XPS), Low Energy Electron Diffraction (LEED), and Scan- 
ning Potential Microprobe (SPM). These techniques’ can 
further delineate the mechanistics of the localized corro- 


Slon process. 


Other work that could have a high return would be 
constant potential test of selective alloys, particularly 
those four alloys which did not correspond to the overall 
grouping proposed in Section 6.3. Cast alloy performance 


also seems to require more study. 


The next step in the refinement of the logic circuit 
diagram would be a development of the capability of predict- 
ing absolute corrosion rates. A closer look at temperature, 
scan rate, and solution content would be valuable. This 
should be based on the premise that introducing complication 
to the overall testing program, if it cannot be streamlined, 


1S unacceptable. 
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In summary, future analysis can take several paths, all 
of which can lead to an improved evaluation process of these 


alloys. 
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APPENDIX A 


CATALOG OF PARAMETERS USED IN ANALYSIS 


In the analysis of the polarization curves generated by 
this study, several important parameters have been selected. 
With the exception of Ex, all of the below-listed parameters 
have been previously explained(20). Care must be taken, 


because a variety of names have been associated with each 


one. These parameters are shown diagramatically in Figure 
eg eee ae 
Ecorr - corrosion potential is the potential at which the 


cathodic and anodic curves intersect. 


Ep - pitting potential is the potential above which pits 
may be formed, usually associated with a well-defined change 


in slope on an E-I plot. 


Ex - crossover potential is the potential where, on the 
reverse scan (anodic--->cathodic) the anodic curves inter- 
Sect either the anodic or cathodic curve of the forward 


scan. 


Eprot - protection potential(against pitting) is the poten- 
tial at which the anodic and cathodic curves transition 


occurs on the reverse scan. 


180 





(Note: When used in Group i(no localized corrosion), the 
term Eprot was used only to maintain continuity of parame- 
ters amoung the four groups. Since no pitting occurred in 


Group 1, an Eprot would not be defined.) 


Imax - 1s the maximum current achieved in the anodic curve 


of the polarization scan. 


Beeeee = ScOrr - is an indication of the size of the anodic 


hysteresis loop. 


Ex - Ep - is an indication of the size of the anodic 


hysteresis loop. 
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